Glial Cells Maintain Synaptic Structure and Function and Promote Development of the Neuromuscular Junction In Vivo  by Reddy, Linga V. et al.
Neuron, Vol. 40, 563–580, October 30, 2003, Copyright 2003 by Cell Press
Glial Cells Maintain Synaptic Structure
and Function and Promote Development
of the Neuromuscular Junction In Vivo
synapse to study synapse-glial interactions in vivo (Cas-
tonguay et al., 2001; Koirala et al., 2003; Robitaille, 2002;
Son et al., 1996). The glial component of the NMJ is
the perisynaptic Schwann cell (PSC, also known as the
terminal Schwann cell). At intact NMJs, PSCs lead the
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elongation of NTs during synaptic remodeling (Chen andUniversity of Southern California
Ko, 1994; Chen et al., 1991; Ko and Chen, 1996; MacleodLos Angeles, California 90089
et al., 2001). After nerve injury, PSCs sprout extensive
processes (Reynolds and Woolf, 1992) that guide NTs
during regeneration (Koirala et al., 2000; O’Malley et al.,Summary
1999; Son and Thompson, 1995a, 1995b). Apart from a
presynaptic role in guidance, PSCs may play a postsyn-To investigate the in vivo role of glial cells in synaptic
aptic role by expressing active agrin isoforms and en-function, maintenance, and development, we have de-
hancing the aggregation of acetylcholine receptorsveloped an approach to selectively ablate perisynaptic
(AChRs) on muscle (Yang et al., 2001). PSCs also re-Schwann cells (PSCs), the glial cells at the neuromus-
spond to synaptic activity with elevations of intracellularcular junction (NMJ), en masse from live frog muscles.
Ca2 (Jahromi et al., 1992; Reist and Smith, 1992) andIn adults, following acute PSC ablation, synaptic struc-
can modulate synaptic transmission (Castonguay andture and function were not altered. However, 1 week
Robitaille, 2001; Robitaille, 1998; Rochon et al., 2001).after PSC ablation, presynaptic function decreased by
During development, PSCs may promote the formationapproximately half, while postsynaptic function was
and growth of NMJs (Herrera et al., 2000; Peng et al.,unchanged. Retraction of nerve terminals increased
2003).over 10-fold at PSC-ablated NMJs. Furthermore,
Although much has been learned about NMJ forma-nerve-evoked muscle twitch tension was reduced. In
tion, function, and regeneration, there has been littletadpoles, repeated in vivo observations revealed that
insight into the mechanisms of synapse maintenance. InPSC processes lead nerve terminal growth. In the ab-
particular, whether PSCs are necessary for maintainingsence of PSCs, growth and addition of synapses was
normal synaptic structure and function at the NMJ isdramatically reduced, and existing synapses under-
unknown, despite the close proximity of PSCs to thewent widespread retraction. Our findings provide in
synapse. The close association of PSCs with the syn-vivo evidence that glial cells maintain presynaptic
apse begins during development (Herrera et al., 2000;structure and function at adult synapses and are vital
Hirata et al., 1997; Kelly and Zacks, 1969; Love andfor the growth and stability of developing synapses.
Thompson, 1998; Pun et al., 2002). Schwann cells cover
tadpole NMJs soon after synapse formation and sprout
Introduction processes that extend beyond the NMJs. Developing
NTs are found aligned with these PSC sprouts (Herrera
The traditional view of the chemical synapse was that et al., 2000). However, whether PSCs play a necessary
it consisted of two components: the presynaptic nerve role in guiding and promoting synaptic growth and in
terminal (NT) and the postsynaptic specialization. How- maintaining developing synapses is also not known.
ever, there is a growing realization that most chemical Therefore, despite increasing appreciation of these
synapses are actually “tripartite” in nature, with glial cells, PSCs at the NMJ remain the least understood
cells as the third integral component (Araque et al., component of this best-studied synapse. To facilitate
1999). Glial cells possess an array of neurotransmitter examination of the essential roles of PSCs in vivo, we
receptors and ion channels (Verkhratsky et al., 1998). have developed a novel technique (to our knowledge)
They can sense synaptic activity and modulate synaptic to selectively ablate PSCs en masse from living frog
transmission (Araque et al., 2001; Beattie et al., 2002; NMJs. Using a monoclonal antibody (mAb) specific for
Haydon, 2001). In culture, glial cells promote the forma- PSCs in vivo (Astrow et al., 1998), we utilize comple-
tion, maturation, and function of synapses (Mauch et ment-mediated cell lysis (Walport, 1998) to ablate PSCs
al., 2001; Nagler et al., 2001; Pfrieger and Barres, 1997; from developing and adult NMJs without damaging NTs,
Ullian et al., 2001). Glial cells may also play a role in muscle, or myelinating Schwann cells along axons. To
long-term potentiation (McCall et al., 1996) and long- our knowledge, this is the first time a vertebrate synapse
term depression (Shibuki et al., 1996). Therefore, glial has been studied in vivo in the selective absence of
cells are now considered an active partner at the tripar- synapse-associated glial cells. Using this novel ap-
proach, we have found that glial cells at the adult NMJtite synapse (Volterra et al., 2002).
are dispensable for synaptic transmission, modulation,Due to its simplicity and accessibility, the neuromus-
and plasticity in the short-term. However, they play acular junction (NMJ) has emerged as a useful model
vital long-term role in maintaining presynaptic structure
and function at adult NMJs. At developing synapses,*Correspondence: cko@usc.edu
our results using repeated in vivo observations and PSC1 These authors contributed equally to this work.
ablation demonstrate that NTs follow PSC processes2 Present address: Division of Neuroscience, Children’s Hospital,
Harvard Medical School, Boston, Massachusetts 02115. during NMJ addition and growth and that growth of NTs
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is dramatically reduced after removal of PSCs. We also technique that also ablated axonal Schwann cells would
have confounded the interpretation of our results. Whilefind that many developing NMJs undergo extensive re-
traction, including complete withdrawal, in the absence mAb 2A12 recognizes axonal Schwann cells in frozen
sections, it does not label them in whole-mount muscleof PSCs. Taken as a whole, our results demonstrate that
synapse-associated glial cells are vital for the mainte- preparations (Astrow et al., 1998). In whole-mount mus-
cle, the nerve sheath is intact, and mAb 2A12, which isnance of synaptic structure and function at the adult
NMJ as well as for the growth and stability of developing an IgM antibody (MW  900 kDa), is probably unable
to penetrate the nerve sheath. Since antibody binding isNMJs. Furthermore, the results highlight the potential
of PSC ablation to elucidate essential functions of glial required for complement-mediated lysis and mAb 2A12
does not label axonal Schwann cells in vivo (arrow, Fig-cells at synapses in vivo.
ure 1h), our technique should not ablate axonal Schwann
cells. Indeed, as shown in Figure 1h, the techniqueResults
spares axonal Schwann cells while ablating PSCs. Addi-
tionally, we did not see any damage to axonal SchwannComplement-Mediated Ablation of PSCs
cells, even at the ultrastructural level (data not shown).from NMJs In Vivo
Thus, our ablation approach is highly effective and spe-To examine whether synapse-associated glia play an
cific for frog PSCs and provides a novel tool to addressessential role in normal synaptic function, morphology,
the role of glial cells in synaptic structure and functionand development in vivo, we developed a technique to
in vivo.remove PSCs from frog NMJs. For this, we took advan-
tage of the principle of immunological cell lysis by anti-
body and complement (Walport, 1998). We first con- Nerve and Muscle Structure Is Unaltered
following Acute PSC Ablation at the Adult NMJfirmed the feasibility of using complement-mediated
lysis to ablate Schwann cells in culture (see Supplemen- PSCs are closely apposed to the NMJ and may be re-
quired for keeping the synaptic structure intact. To ob-tal Figure S1 at http://www.neuron.org/cgi/content/full/
40/3/563/DC1). Since complement-mediated lysis of a serve if the removal of PSCs from adult NMJs resulted
in any acute structural changes in the NT or muscle,particular cell type requires a surface antibody against
that cell type, adult frogs were injected locally next to PSC-ablated muscles were examined with fluorescence
microscopy. As shown in Figure 2, 3 hr after antibodythe cutaneous pectoris muscles with mAb 2A12, which
recognizes the surface membranes of PSCs (Astrow et and complement treatment, NTs (Figure 2b) and AChRs
(Figure 2c) colocalized accurately in PSC-ablated mus-al., 1998), and then with guinea pig complement serum
the next day. The muscles were dissected an hour later, cles (Figures 2a–2c) as in controls treated with comple-
ment alone (Figures 2d–2f). The AChRs showed normaldouble stained with FITC-tagged peanut agglutinin
(PNA) for the extracellular matrix outlining PSCs (Ko, staining in PSC-ablated muscles (Figure 2c), as in con-
trols (Figure 2f). Typical punctate labeling with FM4-641987), and Ethidium homodimer (EthD-1), a stain for
dead cells (Neethling et al., 1999), and observed under (Figure 2b), a vital stain for recycled vesicles (Betz et
al., 1992), also suggested that the NT was functionala fluorescence microscope. As shown in Figure 1, mAb
2A12 and complement treatment (Figures 1a–1c) selec- after PSC ablation.
Quantitative analysis further showed that NTs andtively killed PSCs, whereas PSCs were not lysed in con-
trol muscles (Figures 1d–1f) treated with a mouse my- AChRs were normal after PSC ablation. At an intact
NMJ, the NT, AChRs, and junctional acetylcholinester-eloma IgM, which does not bind to any component of
the NMJ, followed by complement. Over 90% of PSCs ase (AChE) coincide accurately in the vast majority of
cases. Since AChE is stable over long time periodswere ablated in the experimental muscles compared to
less than 3% in controls treated with mAb 2A12 alone, (Krause and Wernig, 1985), a mismatch between NTs
and AChE indicates NT sprouting or retraction (Koiralawith normal frog Ringer’s (NFR) and complement, or
with control antibody and complement (for each group, et al., 2000). After PSC ablation, 98% of NTs colocalized
with AChE or AChRs, similar to that seen in controlsn  300 NMJs, three frogs, p  0.005). Figure 1g shows
a low-magnification image of a muscle that has been (97%, n 100 NMJs, two muscles in each group), show-
ing that there was no apparent retraction or sproutingPSC ablated using mAb 2A12 and complement, and it
is clearly visible that the technique ablates PSCs en of NTs immediately after PSC ablation. The few cases
in which NTs were shorter than AChE reflect ongoingmasse. The very few EthD-1-positive cells that were
not PSCs were usually connective tissue or blood cells synaptic remodeling (Chen et al., 1991). In fact, even
after directly stimulating muscles at 1 Hz for up to 3 hrinevitably damaged during muscle dissection and were
also seen in controls (Figures 1d–1f). Muscles treated following acute PSC ablation, we did not observe any
detachment of the NTs from the NMJs (data not shown).with Fab fragments of mAb 2A12, which lack the Fc
fragment required for complement activation (Walport, To examine whether PSC ablation caused any ultra-
structural changes in the nerve or muscle and to confirm1998), did not show PSCs lysis when treated with com-
plement (data not shown). Thus, the lysis of PSCs re- that PSCs were killed by complement-mediated lysis,
adult NMJs were examined with electron microscopyquired both the presence of mAb 2A12 and complement
and was highly effective in ablating PSCs in vivo. after mAb 2A12 and complement treatment. A control
IgM  complement-treated NMJ showed the normalAn important concern regarding the technique was
its specificity to PSCs versus Schwann cells along ax- juxtaposition of NT, PSC, and postsynaptic specializa-
tion on the muscle fiber (N, S, and M, respectively, inons. As we intended to study the role of PSCs, any
Glial Cells Maintain Neuromuscular Synapses
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Figure 1. Complement-Mediated Ablation of PSCs at Adult NMJs In Vivo
In mAb 2A12 and complement-treated frog muscles (a–c), the location of PSC somata (arrowheads in [a] and [c]) revealed with PNA (green)
colocalized with EthD-1 staining (red), indicating that PSCs were dead. In control muscles, there was no EthD-1 labeling of PSCs (arrowheads
in [d] and [e]). The few EthD-1-positive cells seen in controls are likely connective tissue or blood cells. The calibration bar applies to (a)–(f).
(g) A low-magnification image of muscle treated with mAb 2A12 and complement. Labeling with PNA (green) and EthD-1 (red) shows the en
masse ablation of PSCs on treating muscle with mAb 2A12 and complement. (h) Axonal Schwann cells are not affected by PSC ablation. Frog
muscles in whole-mount were labeled with antibodies against neurofilament and synapsin-I for axons and nerve terminals (blue) and with
mAb 2A12 for PSCs (green). PSCs (arrowheads) were ablated by mAb 2A12 and complement treatment, while Schwann cells along nerve
fibers (arrow) were not labeled either with mAb 2A12 or with EthD-1 (red).
Figures 2g–2i) in both cross (Figures 2g and 2h) and ablated and control muscles thus confirmed the finding
from fluorescence microscopy that acute PSC removallongitudinal (Figure 2i) sections. An intact PSC nucleus
was present (Figures 2h and 2i), and PSC cytoplasmic did not alter the structure of other synaptic components.
“fingers” (arrowheads in Figure 2i) interdigitated with
active zones. However, NMJs 2 hr after PSC ablation Synaptic Transmission Is Unchanged
following Acute PSC Ablation at the Adult NMJshowed swollen PSCs with damaged membranes (ar-
rowheads in Figure 2j) and vacuoles in the PSC cyto- After confirming that PSC ablation was effective and
specific, we proceeded to determine the acute effect ofplasm (arrowheads in Figure 2k). The observation of
“exploded” PSCs was suggestive of lysis by osmotic PSC removal on adult NMJ function. Synaptic potentials
were measured from muscles dissected from frogsswelling, which is the typical mode by which the comple-
ment system kills cells. Clumping of nuclear material treated overnight with mAb 2A12. Recordings were sub-
sequently made from the same muscles for up to 5 hrindicating damaged nuclei was also seen in these PSCs
(Figure 2k). Some NMJs showed complete absence of after complement treatment. Recording traces in Fig-
ures 3a–3c show pairs of recordings from the samePSCs (Figure 2l), including PSC fingers, although PSC
debris could still be seen around the NT (arrowheads in NMJs before and after PSC ablation. As shown in sample
traces of spontaneous activity (Figure 3a), frequencyFigure 2l). Despite the death of PSCs, nerve and muscle
were unchanged in their ultrastructure (Figures 2j–2l). and amplitude of miniature endplate potentials (mepps)
appeared similar before and after PSC ablation. This isWe compared various morphological parameters of
nerve-muscle contacts at PSC-ablated NMJs to those further shown in Figure 3b, where an average of 100
mepps before and after PSC ablation is depicted. PSCof intact muscles and found no significant differences
(Table 1). Electron microscopic examination of PSC- ablation also did not alter evoked endplate potentials
Neuron
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Figure 2. Acute PSC Ablation Does Not Alter the Structure of Nerve or Muscle at Adult NMJs
NMJs from a frog muscle 3 hr after treatment with mAb 2A12 and complement (a–c) or with complement alone (d–f). PSCs, labeled with PNA
(blue in [a] and [d]) and EthD-1 (red) show dead PSC nuclei (arrows in [a]). Nerve terminals (b and e) labeled with FM4-64 (red) and AChRs (c
and f) labeled with -bungarotoxin (green) were normal (compared to controls) in length and morphology in PSC-ablated muscles. The
calibration bar applies to (a)–(f). (g–l) Ultrastructure of NMJs after PSC ablation. Electron micrographs of an intact NMJ in cross-sections (g
and h) and in longitudinal section (i) show a PSC (S) with its cytoplasm and nucleus (in [h] and [i]) capping the nerve terminal (N) along the
muscle fiber (M). PSC fingers (arrowheads in [i]) are sometimes seen interdigitated with the junctional folds. Two hours after mAb 2A12 and
complement treatment, PSC-ablated muscles (j–l) show remnants of “exploded” PSCs with damaged membranes (arrowheads in [j]), multiple
vacuoles (arrowheads in [k]), and disrupted nuclear material (k). Note that PSC fingers in the synaptic cleft are also vacuolated in (j). The
longitudinal section (l) shows the overall absence of the PSC overlying the nerve terminal other than some debris of PSCs (arrowheads in [l]).
The calibration bar in (j) applies to (g) and (j); the calibration bar in (l) applies to (h), (i), (k), and (l).
(epps), as shown in Figure 3c. In addition, as shown in All PSCs at these identified NMJs were ablated, as veri-
fied by PNA and EthD-1 staining at the end of the experi-Figures 3b and 3c, both the shape and duration of mepps
and epps were similar before and after PSC ablation. ments.
Table 1. Ultrastructural Morphometry at Intact and Acute PSC-Ablated Neuromuscular Junctions in Adult Muscles
Nerve Terminal Area Nerve-Muscle Contact Vesicle Density at AZ
(m2) Length (m) (/0.04 m2)
Intact 1.69  0.11 1.82  0.08 8.42  0.22
(n  82 NMJs, 4 frogs) (n  66 AZ)
Acute PSC-ablated 1.84  0.11 1.88  0.11 8.69  0.25
(n  66 NMJs, 2 frogs) (n  39 AZ)
Data are mean SEM. There are no significant differences (0.05 level, t test) in the above measurements between intact and PSC-ablated NMJs.
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Figure 3. Synaptic Transmission and Short-Term Plasticity Is Not Altered at Adult NMJs after Acute PSC Ablation
Synaptic potentials were recorded from the same muscles before and after (within 5 hr) PSC ablation. Mepp frequency (a) and the size, shape,
and duration of average mepp (b) and average epp (c) appear similar before and after PSC ablation. The pairs of traces in (a)–(c) are from the
same NMJs before and after PSC ablation. (d–g) Histograms before and after PSC ablation (solid and dashed lines, respectively). There were
no significant differences in the distribution of average epp size ([d], bin size 0.5 mV), average mepp size ([e], bin size 0.1 mV), or mean quantal
content ([f], bin size 1) between the two groups. Histograms of average mepp frequency (g), however, showed a slight increase in mepp
frequency after PSC ablation as compared to that before PSC ablation (*p  0.05, KS test). (h) Paired-pulse facilitation is similar before and
after PSC ablation at this identified NMJ. (i) Quantitative analysis shows no significant difference in paired-pulse facilitation before (open bar)
or after (filled bar) PSC ablation. (j) Epp amplitudes from an NMJ (expressed as a percentage of pre-train amplitude) before, during, and after
a 10 Hz/80 s train that caused synaptic depression. The amount of synaptic depression was similar before and after PSC ablation at this
identified NMJ. (k) Quantitative analysis shows no significant difference in synaptic depression before (open bar) or after (filled bar) PSC
ablation. Ablation of all PSCs at identified NMJs (a–c, h, and j) was confirmed at the end of recordings.
Quantitative data were obtained from NMJs randomly quantal content (Figure 3f; 4.07  0.41 before; 2.96 
0.25 after). There was a small, albeit significant (p recorded from the same muscles before (n 151 NMJs,
17 muscles) and after (n  149 NMJs, 17 muscles) PSC 0.05, KS test), increase in the average mepp frequency
after PSC ablation (Figure 3g; 0.56  0.05 Hz before;ablation. The PSC ablation in each of these muscles
was confirmed to be over 90%. To test if synaptic trans- 0.70  0.05 Hz after). If muscles were recorded after
PSC ablation without thorough rinsing, higher mepp fre-mission was altered by PSC ablation, the distributions
of various parameters were compared before and after quencies were seen at many NMJs (data not shown),
suggesting that the slight increase in average meppPSC ablation. As seen in Figure 3, there was no signifi-
cant difference (p  0.05, Kolmogorov-Smirnov [KS] frequency might be an artifact due to the leakage of
PSC contents. Moreover, muscles that had been PSCtest) before and after PSC ablation in the distribution of
average epp size (Figure 3d; 1.64  0.17 mV before; ablated for a day or two did not show an increase in
mepp frequency (data not shown), also suggesting that1.29  0.12 mV after), average mepp size (Figure 3e;
0.45  0.01 mV before; 0.46  0.01 mV after), or mean the increase seen in the acute setting was an artifact.
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Muscles not treated with mAb 2A12 did not show signifi- in Figure 4b), marked by PNA (Figure 4a) and AChE
(Figure 4c). Such partial retraction (average 106  83cant changes in any of these parameters before or after
m) was seen in 7.6% of NMJs, while complete retrac-complement treatment. These results indicate that PSC
tion of NTs was seen in 5.7% of NMJs (average 214 ablation does not acutely affect pre- or postsynaptic
90m). In contrast,1% of NMJs showed any retractionfunction during normal neuromuscular transmission.
in control muscles (n  909 NMJs, 12 muscles, experi-To investigate the role of PSCs in short-term synaptic
mental; n  685 NMJs, 7 muscles, control). Hoechstplasticity at the NMJ, paired-pulse facilitation and syn-
33342 staining of PSC nuclei was absent in 90% ofaptic depression were examined at adult NMJs before
the PSC-ablated NMJs but 5% of control NMJs. Alland after (within 5 hr of) PSC ablation. Paired-pulse
NMJs that showed NT retraction 1 week after PSC abla-facilitation was measured as the percentage enhance-
tion lacked Hoechst 33342 staining. Thus, the absencement of the second epp compared to the first epp
of PSCs caused 13% of NTs to retract, which is over(Zucker and Regehr, 2002). We did not see a significant
10-fold the amount of retraction normally observed dur-change (p  0.05, KS test) in paired-pulse facilitation
ing remodeling in intact muscles. In spite of such retrac-before or after PSC ablation (Figures 3h and 3i; 93.4%
tion, we did not see any detachment of NTs, even after3.5% before; 96.4%  5.2% after) (n  11 muscles, 102
directly stimulating muscles 1 week after PSC ablationNMJs before and 11 muscles, 98 NMJs after). We also
(at 1 Hz for up to 3 hr, data not shown). Retraction oftried an alternate Ca2 concentration of 0.5 mM (we
NTs also did not cause loss of underlying AChRs. Asnormally used 0.7 mM) as well as interpulse intervals of
shown in Figures 4d–4f, although a large section of the5, 15, 20, and 30 ms (we normally used 10 ms) for eliciting
NT had retracted (Figure 4e), the AChR staining patternpaired-pulse facilitation. There was no significant differ-
(Figure 4f) was similar to that in intact muscle andence between the before and after PSC ablation groups
matched the original NMJ length (arrowheads in Figuresin any of these alternate conditions (data not shown).
4d–4f). We did not see the absence of AChRs at any ofSynaptic depression (Zucker and Regehr, 2002) was
the 1 week PSC-ablated NMJs with or without retractedmeasured as percentage decrease in epp size at the
NTs (n  400 NMJs, four muscles). Thus, absence ofend of the train of stimuli (10 Hz) compared to the epp
PSCs for 1 week does not seem to affect AChR distribu-size just before the train. We observed no significant
tion in adult muscles. However, the effects of longerdifference (p  0.05, KS test) in synaptic depression
absence of PSCs remain to be investigated.before or after PSC ablation (Figures 3j and 3k; 58.2%
To confirm the NT retraction seen with light micros-2.2% before; 53%  2.2% after) (n  12 muscles, 102
copy and to observe if the NTs showed any signs ofNMJs before and 12 muscles, 98 NMJs after). These
degeneration leading to retraction, we looked at electronresults indicate that acute PSC ablation does not affect
micrographs of 1 week PSC-ablated muscles. The vastshort-term synaptic plasticity (paired-pulse facilitation
majority of NMJs lacked PSCs, confirming that mostand synaptic depression) at adult NMJs in vivo.
PSCs remain absent a week after ablation. Figure 4g
shows an example of one such NMJ in which the PSCNerve Terminals Retract 1 Week after PSC
was absent. It was clearly seen that the NT (N) showedAblation at the Adult NMJ
normal ultrastructure with synaptic vesicles and mito-
While the above findings show that PSCs are not re-
chondria and was closely apposed to the muscle (M).
quired for short-term maintenance of synaptic structure
Approximately 10% of the NMJs showed absence of
and function, the long-term role of PSCs in synapse both NT and PSCs (Figures 4h and 4j) in the presence
maintenance is not known. To address this question, of postjunctional specializations, thus confirming the
we examined adult NMJs at a longer period (1 week) NT retraction seen with light microscopy. The “empty”
after PSC ablation. Muscles were PSC ablated in vivo, junctional folds can also be seen in a longitudinal section
and ablation of 90% PSCs on day 0 was confirmed through an NMJ in which most of the junctional site was
by labeling in vivo with PNA and EthD-1. Controls were absent of both NT and PSCs (Figure 4j). However, a
injected with complement alone and had 5% of PSCs short NT segment without overlying PSCs (Figure 4i)
ablated on day 0 as seen with PNA and EthD-1 staining. remained at a small region of this junction. A magnified
A week later, the muscles were dissected, fixed, and image of this NT tip (Figure 4k) clearly shows a high
labeled with PNA, Hoechst 33342, and synapsin-I. Mus- density of synaptic vesicles (asterisk) as well as mem-
cles were also labeled for AChE. Since EthD-1 labels brane invaginations at the tip (arrowhead). In this NT
nuclear material of only cells with damaged membranes, remnant, we did not find any degenerative changes,
it could not be used to label ablated PSCs in the absence such as agglutinated synaptic vesicles with electron
of nuclear material a week after PSC ablation. Further- dense “honeycomb” appearance, or swollen mitochon-
more, PSCs, if replaced, would presumably have intact dria, typically seen in the NT following nerve injury (Birks
membranes and therefore could not be revealed by et al., 1960). Rather, this NT remnant (Figure 4k) may be
EthD-1. In contrast, Hoechst, a membrane-permeable undergoing a retraction process similar to that found
nuclear dye, labels all nuclei and thus would confirm during synapse elimination at developing NMJs (Riley,
the absence of PSC nuclei as well as the absence of 1981). It can also be noted that although the NT could
PSC replacement 1 week after ablation. As shown by be retracting, there was no detachment of the NT from
Hoechst staining in Figure 4a, PSC nuclei (arrows) were the muscle even at the retracting tip. Furthermore, axo-
clearly absent 1 week after ablation, although the stain- nal Schwann cells appeared to be normal in these mus-
ing showed the presence of underlying muscle nuclei. cles, thus ruling out any delayed damage to these cells
There was clear retraction of a NT branch (asterisk in (data not shown).
We compared various morphological parameters fromFigure 4b) from the original junctional length (arrowhead
Glial Cells Maintain Neuromuscular Synapses
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Figure 4. Nerve Terminals Retract 1 Week after PSC Ablation in Adult Muscles
(a–c) Labeling of 1 week PSC-ablated muscles with PNA and cell permeable nuclear dye, Hoechst 33342, clearly shows the absence of nuclei
in regions formally occupied by PSC somata (arrows in [a]). The few nuclei (blue) seen in (a) are muscle nuclei. A branch of the nerve terminals
labeled with synapsin-1 has retracted (asterisk in [b]) from the original junctional site marked by AChE (arrowhead in [c]). (d–f) Labeling with
PNA (d) and synapsin-1 (e) shows the total disappearance of a branch of the nerve terminal. AChRs as labeled by -bungarotoxin, however,
do not disappear (f) and are present through the full extent of the original NMJ (arrowheads in [d]–[f]). (g–k) Ultrastructure of 1 week PSC-
ablated NMJs. Electron micrographs of PSC-ablated muscles show the absence of PSCs 1 week after PSC ablation (g), while the nerve
terminals appear normal in these cross-sections (see Table 2). Some NMJs (h) show vacant junctional folds with no nerve terminal and no
PSCs. The empty space (asterisk) was probably occupied by a nerve terminal that has since retracted after removal of PSCs. The extent of
the retraction is visibly clear in a longitudinal section through an NMJ with one end still showing a nerve terminal (i), but with most regions
of the same junction showing only empty junctional folds (arrowheads, [j]). The junctional site shown in (i) is approximately 100 m away from
that in (j). A magnification ([i] enlarged in [k]) of the nerve terminal remnant with no overlying PSCs shows the densely packed vesicles (asterisk)
as well as membrane invaginations (arrowhead) in the tip, which may be undergoing retraction. The calibration bar in (b) applies to (a)–(c);
the calibration bar in (e) applies to (d)–(f); the calibration bar in (h) applies to (g) and (h); and the calibration bar in (j) applies to (i) and (j).
cross-sections of PSC-ablated NMJs to those from no significant differences (t test) in the area of the NT
or synaptic vesicle density between these two groupscomplement-treated controls. Only NMJs where NTs
were present were compared, thus excluding the empty (Table 2). There was also no apparent difference in the
synaptic cleft size at NMJs. However, the cross-sec-junctions seen 1 week after PSC ablation. There were
Neuron
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Table 2. Ultrastructural Morphometry at Control and 1 Week PSC-Ablated Neuromuscular Junctions in Adult Muscles
Nerve Terminal Area Nerve-Muscle Contact Vesicle Density at AZ
(m2) Length (m) (/0.04 m2)
Control 1.85  0.13 1.62  0.11 8.96  0.21
(n  99 NMJs, 3 frogs) (n  54 AZ)
1 week PSC-ablated 1.78  0.13 2.14  0.10 ** 8.52  0.18
(n  90 NMJs, 4 frogs) (n  42 AZ)
Data are mean  SEM. Significant differences were assessed (0.05 level, t test) between control and 1 week after PSC-ablated NMJs. Control
muscles were treated identically to condition of PSC ablation except normal frog Ringer’s solution was injected instead of 2A12 injection.
Note that the data here excludes empty gutters seen in PSC ablated muscles.
tional contact length of the NTs with the muscle fiber and 7 muscles, 108 NMJs for control groups) and synap-
tic depression (Figure 5f, 46.4%  3.0% in PSC ablatedwas significantly increased (p  0.05, t test) by 32%
and 55.9%  2.4% in controls) (n  6 muscles, 106in PSC-ablated muscles compared to controls. This is
NMJs for PSC ablated and 6 muscles, 107 NMJs forprobably because PSC cytoplasmic fingers were no
control groups). Taken together, the electrophysiologi-longer present between the NTs and muscle fibers in
cal and morphological observations from PSC-ablatedPSC-ablated muscles and the NT area previously oc-
muscles demonstrate that the absence of PSCs affectscupied by PSC fingers in between active zones now
both the presynaptic structure and the function of thedirectly contacted muscle. In spite of this change in
adult NMJ.nerve-muscle contact length, there was no significant
Finally, to investigate whether the changes in synapticdifference in the length of active zones between PSC-
structure and function also altered the overall function-ablated muscles and controls. Therefore, ultrastructural
ing of adult muscle, we examined the effect of PSCobservations confirmed NT retraction seen by light mi-
removal on nerve-induced muscle twitch tension. Wecroscopy and ruled out degenerative changes in the NT
measured the force of muscle twitch in response toas a cause for this retraction.
nerve stimulation at two different external Ca2 concen-
trations, low (0.6 mM) Ca2 and physiological (1.8 mM)
Synaptic Transmission Is Reduced 1 Week Ca2, and compared these to the maximal tension gener-
after PSC Ablation at the Adult NMJ ated in these muscles. Muscles after acute (within 5 hr)
To examine whether the long-term absence of PSCs PSC ablation were not different from intact muscles in
also altered neuromuscular function, PSCs were ablated the level of twitch tension at either 0.6 or 1.8 mM Ca2
from adult muscles in vivo, and synaptic transmission (Figure 5g) (n  5 muscles for intact and 10 muscles for
was examined a week later. Synaptic potentials re- acute PSC ablated), thus confirming our morphological
corded from PSC-ablated muscles were compared to and electrophysiological observations that acute abla-
those from controls treated with complement alone on tion of PSCs did not alter neuromuscular transmission.
day 0 (n  15 muscles, 207 NMJs for PSC ablated and However, 1 week PSC-ablated muscles showed a signif-
15 muscles, 208 NMJs for control groups). As seen from icant decrease (p  0.005, t test) of 44.9% in twitch
the distribution of average epp sizes at individual NMJs tension at 0.6 mM Ca2 compared to control muscles
(Figure 5a), there was a highly significant decrease (p  (Figure 5h). At the Ca2 concentration of 1.8 mM as
0.005, KS test) in the average epp size 1 week after PSC well, these PSC-ablated muscles showed a significant
ablation compared to controls (0.87  0.04 mV in PSC decrease (p 0.05, t test) of 8.6% compared to controls
ablated and 1.61  0.09 mV in control group). The aver- (Figure 5h) (n  9 muscles for controls and 10 muscles
age mepp size (Figure 5b), however, was not signifi- for PSC ablated). While most control muscles reach their
cantly different between the two groups, suggesting that peak tension at the physiological Ca2 concentration of
there was no change in postsynaptic function (0.47  1.8 mM (Grinnell and Herrera, 1980), 1 week PSC-ablated
0.01 mV in PSC ablated and 0.43  0.01 mV in control). muscles reached their peak tension at 3.6 mM Ca2.
Accordingly, there was a highly significant decrease (p This finding showed that the external Ca2 requirement
0.005, KS test) in the mean quantal content (Figure 5c) of PSC-ablated muscles was increased compared to
after PSC ablation (2.14  0.13 in PSC ablated and controls. Since muscle contraction due to direct muscle
4.09  0.26 in control). Confirming this decrease in pre- stimulation did not differ with varying external Ca2 con-
synaptic function, the average mepp frequency (Figure centration (data not shown), the increased requirement
5d) also showed a significant decrease (p  0.005, KS of external Ca2 for nerve-evoked contraction sug-
test) in 1 week PSC-ablated muscles compared to con- gested that synapses in PSC-ablated muscles were
trols (average 0.41 0.02 Hz in PSC ablated and 0.75 weaker than in control muscles. Thus, the absence of
0.04 Hz in control). Thus, these results showed that all PSCs not only caused decreased neurotransmitter re-
parameters of NT function were significantly reduced lease and retraction of adult NTs but also caused a
while postsynaptic function remained unchanged. physiologically relevant deficit in muscle contraction in
We next examined short-term synaptic plasticity in response to nerve stimulation.
the absence of PSCs. On comparing PSC-ablated mus-
cles to controls, we found a significant decrease (p  Removal of PSCs Impedes Growth and Causes
0.05, KS test) in both paired-pulse facilitation (Figure Retraction of NTs at the Developing NMJ
5e, 82.5%  3.4% in PSC ablated and 92.1%  2.2% The role of PSCs in synapse maintenance could be even
more vital during development, when NMJs are forming,in controls) (n  7 muscles, 110 NMJs for PSC ablated
Glial Cells Maintain Neuromuscular Synapses
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Figure 5. Neurotransmitter Release and
Nerve-Induced Muscle Tension Are Reduced
1 Week after PSC Removal from Adult NMJs
(a–f) Synaptic potentials were recorded from
muscles 1 week after PSC ablation and in
controls 1 week after complement treatment.
(a)–(d) are histograms showing the distribu-
tion of the various parameters in the two
groups (solid line, controls, dashed line, PSC
ablated). There was a highly significant de-
crease (46%) in parameters of presynaptic
function, namely epp size ([a], bin size 0.5
mV), mean quantal content ([c], bin size 1),
and average mepp frequency ([d], bin size
0.25 Hz). The average mepp size (b), however,
did not differ in the two groups. Paired-pulse
facilitation (e) was significantly reduced
(10%), and synaptic depression due to
high-frequency stimulation (f) was also signif-
icantly reduced (17%). (g and h) Muscle ten-
sion due to nerve stimulation was measured
in frog Ringer’s solution containing 0.6 mM
and 1.8 mM Ca2. (g) There was no significant
difference between intact and acute PSC-ab-
lated muscles in the proportion of maximal
tension obtained at either external Ca2 con-
centration. However, 1 week after PSC abla-
tion (h), muscle tension at both external Ca2
concentrations were significantly decreased
compared to 1 week controls. (*p  0.05,
** p  0.005).
growing, and maturing. Similar to our previous study staining (Figure 6d), indicating that PSCs were not ab-
lated. On day 11, most NTs showed significant growth(Herrera et al., 2000), we found that PSCs extended
(for example, arrows in Figure 6e), while some remainedprocesses beyond NTs at developing NMJs in tadpoles
unchanged in length. NT growth in these complement-(see Supplemental Data at http://www.neuron.org/cgi/
treated muscles was similar to that in muscles treatedcontent/full/40/3/563/DC1). Using repeated in vivo im-
with 2A12 alone (to visualize PSCs), and to that observedaging of identified NMJs, we observed that subsequent
previously in untreated muscles (Herrera et al., 2000),growth and addition of NTs occurred in the direction and
suggesting that neither complement treatment nor 2A12pattern of these preexisting PSC processes, suggesting
staining itself affected NMJ development and mainte-that PSCs direct synaptic growth (Supplemental Figure
nance. The normal extent and pattern of NT growth alsoS2; also see Figures 6a–6g). Since PSCs closely associ-
indicated that in vivo application of FM and EthD-1 didated with developing NTs and appeared to orient their
not affect NTs. Finally, qualitative analysis showed thatgrowth, we sought to test whether PSCs were necessary
NT growth (arrows in Figure 6e) in these muscles oc-for synaptic growth and maintenance in tadpole mus-
curred preferentially in the direction and pattern of PSCscles. As in adults, PSCs were ablated from developing
observed earlier (lower asterisk and arrow in Figure 6c),NMJs in vivo using mAb 2A12 and complement. It should
as in untreated controls, further supporting the findingbe noted, though, that during development, individual
that PSCs direct synaptic growth.PSCs often cover several neighboring NMJs (for exam-
Next, in order to determine whether PSCs are essen-
ple, see Figure 6). Therefore, it is possible that PSC
tial for synaptic growth and maintenance during devel-
ablation in tadpoles also removes the glial covering from opment, we combined repeated in vivo observations
some unmyelinated axon branches close to or between with PSC ablation. As with controls, identified NMJs
NMJs. Apart from this caveat, PSC ablation in tadpole were observed in vivo 2–8 hr after 2A12 and complement
muscles was specific and effective: PSCs were ablated application (day 0; Figures 6h–6k) and again 8–12 days
without damage to NTs, muscle fibers, myelinating later (11 days in Figures 6l–6n). Positive EthD-1 labeling
Schwann cells along axons, or the axons themselves; (red in Figure 6k) of PSC somata confirmed the death
and PSCs remained absent at 100% of NMJs observed of all PSCs at the first observation. At the second obser-
9 days after ablation (Supplemental Figure S3). vation, NTs did not show growth. Instead, as seen in
To ascertain that complement itself did not affect nor- Figure 6l, many NTs had undergone partial or complete
mal growth and maintenance of developing NTs, we retraction; others remained unchanged in length. The
observed NMJs 2–8 hr after (day 0; Figures 6a–6d) and regressive changes after PSC removal were in sharp
11 days after (Figures 6e–6g) application of complement contrast to changes seen in controls (Figures 6a–6g
alone. PSCs were visualized by labeling with 2A12 after and Supplemental Data at http://www.neuron.org/cgi/
complement application. On day 0, NTs were fully cov- content/full/40/3/563/DC1). These results, taken as a
ered by PSCs, which extended numerous processes whole (also see Figure 8), demonstrate that PSCs are
beyond NTs (for example, arrow in Figure 6c). PSC so- vital for the maintenance of developing NTs and may
also promote NT growth.mata (asterisks in Figure 6b) were devoid of EthD-1
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Figure 6. PSCs Guide Nerve Terminal Growth and Are Required for Maintenance of Developing NMJs
(a–g) After application of NFR and complement on day 0, NTs (a) and PSCs (b) were labeled with FM1-43 and 2A12, respectively. Cell bodies
of PSCs were clearly visible (asterisks in [b]–[d]). PSCs were not damaged by complement, as shown by the absence of EthD-1 staining in
PSC cell bodies (d). (e–g) Two of the NTs grew by over 100% in length over 11 days in these controls (arrows in [e]). The NT growth occurred
solely along previously observed PSC processes (compare arrows in [g] with the arrow and lower asterisk in [c]). A new PSC sprout also
appeared (arrowheads in [f] and [g]), confirming that the PSCs remained intact.
(h–n) Ablation of PSCs causes retraction and loss of developing NTs. (h–k) NTs (h) and PSCs (i) were imaged in vivo 3 hr after application
of mAb 2A12 and complement. Asterisks in (i)–(k) mark cell bodies of PSCs. EthD-1 labeled PSC nuclei (asterisks in [k]), confirming the ablation
of PSCs. (l–n) Removal of PSCs caused partial retraction (compare arrowheads in [h] and [l]) or complete withdrawal (compare arrows in [h]
and [l]) of NTs 11 days later. Some NTs remained unchanged in length (asterisks in [h] and [l]). Since mAb 2A12 labels the extracellular matrix
surrounding PSCs in addition to the PSC membrane, 2A12 staining persisted (m and n) even after ablation of PSCs. However, overall weaker
2A12 staining (compare [m] with [i]) and loss of staining of fine PSC sprouts (compare arrowheads in [i] and [m]) are consistent with the
absence of PSCs, as confirmed by electron microscopy (see Supplemental Figure S3 at http://www.neuron.org/cgi/content/full/40/3/563/DC1).
It should be noted that 2A12 staining persisted in that they were viable. Nerve terminals showed profuse
growth and minimal retraction in the presence of anti-most areas even after PSC ablation (Figures 6m and
6n) because 2A12 also labels the extracellular matrix body alone or complement alone (see Figure 8). Thus,
the nerve retraction seen after PSC ablation was unlikelysurrounding PSCs in addition to the plasma membrane
of the cells themselves (Astrow et al., 1998). However, due to either antibody or complement alone but rather
was the result of the absence of PSCs.2A12 labeling was weaker at the second observation,
and staining of fine PSC processes observed initially To confirm that the apparent retraction of NTs indi-
cated real synapse loss, postsynaptic AChRs were la-(arrowheads in Figures 6i and 6j) was absent (arrow-
heads in Figures 6m and 6n). In controls treated with beled in addition to NTs in some cases. As shown in
Figure 7a, EthD-1 labeling of PSC somata confirmed2A12 alone (see Supplemental Figure S2 at http://
www.neuron.org/cgi/content/full/40/3/563/DC1) or with that PSCs were ablated on day 0. NTs were stained
with FM1-43 (Figure 7b). When the same NMJs werecomplement alone, PSCs extended new processes (ar-
rowhead in Figures 6f and 6g) by day 11, suggesting restained and imaged 10 days later, 2A12 label was
Glial Cells Maintain Neuromuscular Synapses
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Figure 8. PSCs Are Important for NMJ Growth and Maintenance in
Tadpole Muscles
(a1–a3) Eight to twelve days after treatment with mAb 2A12 alone
Figure 7. Synapse Loss in the Absence of PSCs at Developing NMJs (open bars), with complement alone (hatched bars), or with mAb
(a and b) Images of PSCs (blue in [a]) and underlying NTs (b) were 2A12 followed by complement (filled bars), the percentages of identi-
obtained 3 hr after 2A12 and complement application. PSC cell fied NTs that grew in length, remained unchanged, or retracted were
bodies (asterisks in [a]) were EthD-1 positive (red in [a]), indicating measured. NTs showed far less growth (a1) and more retraction (a3)
successful PSC lysis. (c–e) Ten days later, weaker 2A12 staining in the PSC-ablated muscles as compared to the PSC-intact controls,
suggested that PSCs remained absent (c). One NT underwent partial while similar percentages of NTs remained unchanged in length (a2)
retraction (arrowheads in [b] and [d]) while the other disappeared in all three groups.
completely (arrows in [b] and [d]). Postsynaptic AChRs were also (b) The mean percentage change in length of all NTs (including
absent in areas where NTs had retracted, indicating that the removal changed and unchanged) was also significantly decreased in PSC-
of PSCs leads to the loss of functional synapses. ablated muscles (p  0.0005, Student t test).
(c) The decrease in length of NTs was even higher when only NTs
that changed in length were considered (p  0.0005).
(d) While new NMJs were added in PSC-intact controls, no new
weaker (Figure 7c), consistent with the absence of PSCs. NMJs were observed in PSC-ablated muscles.
NTs had retracted or disappeared completely (Figure
7d). As shown in Figure 7e, AChRs closely matched
overlying NTs in all cases (n  24 NMJs, two animals) showed similar results, with 63.6% of NTs that grew
(Figure 8a1) and none that retracted (Figure 8a3) (noteand were absent from regions of NT retraction, indicat-
ing that removal of PSCs caused synapse loss encom- that, in these controls, 2A12 was applied only after com-
plement treatment, in order to visualize PSCs). In con-passing both pre- and postsynaptic components. In
these experiments, -bungarotoxin was not applied at trast, at PSC-ablated NMJs (filled bars), few NTs grew
(6.7%) (Figure 8a1) and many underwent retractionthe initial observation, to avoid compromising synaptic
transmission at developing NMJs, some of which (44.4%) (Figure 8a3); 48.9% remained unchanged (Fig-
ure 8a2). The extent of NT growth also mirrored thesewere 5 m in length. The initial pattern of AChRs was
inferred from the pattern of NT staining. In support of results. As summarized in Figure 8b, 2A12 alone and
complement alone treated controls showed 52% 13%this inference, we found that -bungarotoxin accurately
colocalized with FM1-43 (or FM4-64) at 98.0% of normal and 47%15% increases, respectively, in overall length
of NTs. In contrast, PSC-ablated NMJs showed adeveloping NMJs (n  302 NMJs, 14 animals).
Measurements of the incidence (Figures 8a1–8a3) and change of 23%  5%, a significant difference from
both controls (p 0.0005; Student’s t test). Consideringextent (Figures 8b and 8c) of NT growth at 8–12 days
after treatment confirmed the role of PSCs in synapse only the NTs that changed in length (Figure 8c), the
percent change in NT length was 82% 19% and 69%growth and maintenance (for all measurements in Figure
8: 2A12 alone, n 40 NMJs, four muscles; complement 18% for the two controls (p  0.63), but 42%  7% at
PSC-ablated NMJs, a significant difference (p 0.0005).alone, n  12 NMJs, four muscles; PSC ablated, n  45
NMJs, seven muscles). At PSC-intact NMJs treated with These percent changes in length reflected absolute
changes of 12  3 m, 8  1 m, and 8  2 m,2A12 alone (open bars), most (55.0%) NTs grew in length
(Figure 8a1), while very few (2.5%) retracted (Figure 8a3); respectively. The withdrawal of synapses in PSC-
ablated muscles occurred after most of the normal syn-42.5% remained unchanged (Figure 8a2). PSC-intact
controls treated with complement alone (hatched bars) apse elimination in these muscles was already complete
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Figure 9. PSCs Maintain Adult NMJs and
Promote Growth of Developing NMJs
A schematic diagram summarizing the effects
of removal of PSCs from adult (a–c) and de-
veloping (d–g) NMJs. (a) The intact NMJ—a
model tripartite synapse—with presynaptic
nerve terminal, postsynaptic muscle mem-
brane specializations, and the glial compo-
nent, the PSCs. (b) NMJs after acute (5 hr)
PSC ablation. Normal morphology and neuro-
transmission in the acute absence of PSCs
suggests that PSCs are not required for the
short-term maintenance of NMJs. (c) NMJs
1 week after PSC ablation. Nerve terminals
retracted while AChR clusters remained un-
changed, epps were reduced in size while
mepp size was unchanged, and nerve-
evoked muscle twitch tension was decreased
1 week after PSC ablation. Thus, PSCs are
essential for the long-term maintenance of
the presynaptic structure and function of the
adult neuromuscular synapse. (d) During de-
velopment, PSCs cover NTs soon after initial
NMJ formation. (e) PSCs then profusely ex-
tend sprouts beyond the confines of the im-
mature NMJ. (f) In the presence of intact
PSCs, NTs extend along the PSC sprouts,
producing NMJ growth. (g) Approximately
one week after ablation of PSCs, NMJ growth
is stalled, and there is widespread retraction
of NMJs. These results demonstrate that
PSCs are essential for synapse growth and
maintenance at developing NMJs. The dia-
gram is not to scale.
(our unpublished data). Taken as a whole, these results adult NMJs, however, nerve terminals retract, and neu-
rotransmitter release is significantly reduced, leadingprovide evidence that PSCs are vital for the growth and
maintenance of NTs at developing NMJs in vivo. Finally, to a lowering of nerve-induced muscle contraction. At
developing NMJs (Figures 9d–9g), we show using in vivoPSCs may also be important for the addition of new
synapses (Figure 8d). In PSC-intact controls, 12.5% and imaging that PSCs appear to guide NT growth and direct
the localization of new NMJs. Ablation of PSCs from8.3% of NMJs imaged at the second observation were
new ones absent at the first observation. In contrast, tadpole muscles dramatically reduces NT growth and
addition and causes widespread retraction of existingno new NMJs were observed in PSC-ablated muscles.
NMJs. Our results thus demonstrate that synapse-asso-
ciated glial cells play essential in vivo roles in the mainte-
Discussion nance of NT structure and function of adult NMJs and
the growth and maintenance of developing NMJs. In
To investigate whether glial cells play an indispensable addition, the technique of immunologically “knocking
role in synaptic structure, function, and development, out” synapse-associated glial cells from a vertebrate
we have developed a novel approach to selectively ab- synapse in vivo could open avenues for future research
late synapse-associated glial cells from vertebrate aimed at revealing novel roles of glial cells in synapse
NMJs. Using complement-mediated lysis, we have been function, development, regeneration, and sprouting.
able to specifically ablate PSCs en masse from the frog
NMJ in vivo, without causing damage to the nerve, the
muscle, or Schwann cells along axons. As summarized Selective Ablation of PSCs In Vivo
The present work has shown that complement-medi-in Figure 9, at adult NMJs (Figures 9a–9c), we have
shown that synaptic structure and function at acutely ated lysis can be used to kill synapse-associated
Schwann cells in vivo in both adult frogs and tadpoles.PSC-ablated NMJs is not significantly different from that
at normal NMJs. Within a week’s absence of PSCs at Fluorescent labeling of PSCs by EthD-1 as well as the
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“exploded” PSCs and cell debris seen by electron mi- absence of any acute changes in NMJ structure and
function after PSC removal suggests that viable PSCscroscopy are consistent with osmotic lysis caused by
the formation of membrane attack complexes (Walport, are not required for the short-term maintenance of
nerve-muscle contacts. However, we cannot exclude1998). The requirement of Fc fragments for effective
ablation of PSCs also indicates that these cells are in- the possibility that the PSC-associated extracellular ma-
trix may play a role in the short-term maintenance ofdeed lysed by activation of complement. The efficacy
of PSC removal is confirmed by the absence of PSC synaptic contact and function.
nuclei on fluorescence microscopy and by the presence
of “naked” NTs on electron microscopy 1 week after Normal Neuromuscular Function and Plasticity
PSC ablation. The ablation is specific in vivo; it removes at Adult NMJs in the Acute Absence of PSCs
only the PSCs, while Schwann cells along axons are It has been shown that activation of G proteins in PSCs
spared. This selectivity is attributed to the fact that mAb by intracellular injection of GTP	S decreases neuro-
2A12 binds only PSCs but not axonal Schwann cells in transmitter release, and inactivation by GDPßS reduces
whole-mount nerve-muscle preparations (Astrow et al., synaptic depression at the frog NMJ (Robitaille, 1998).
1998). Moreover, electron micrographs of acutely PSC- An increase or a decrease of intracellular Ca2 in PSCs
ablated muscles show the absence of any damage to by pharmacological treatments can also cause an en-
either the nerve terminals or muscle fibers, both of which hancement of transmitter release or an increase in syn-
abut the PSCs, thereby confirming the accuracy of dam- aptic depression, respectively, at the NMJ (Castonguay
age to PSCs. Thus, the PSC ablation technique is highly and Robitaille, 2001). While these elegant pharmacologi-
effective and specific. cal studies indicate that PSCs have the potential to in-
To our knowledge, our study is the first one that exam- crease as well as decrease synaptic efficacy at NMJs
ines a vertebrate synapse after selective removal of syn- (Castonguay et al., 2001; Robitaille, 2002), whether PSCs
apse-associated glial cells in vivo. There is no other actually do so during normal synaptic transmission in
currently available technique that can so effectively and vivo remains an open question.
specifically remove PSCs en masse from a vertebrate In the present study, we have examined neuromuscu-
muscle in vivo. Although some mouse mutants and lar transmission after removal of PSCs. In this approach,
knockouts of erbB receptors lack Schwann cells at the we did not manipulate any specific pathway in the PSCs
NMJ, these mice die before or at birth (Grim et al., 1992; but ablated the PSCs as a whole without causing dam-
Lin et al., 2000; Riethmacher et al., 1997). Furthermore, age to the rest of the NMJ. Although the absence of
these knockouts lack axonal Schwann cells as well as PSCs is not physiological, the lack of any acute effect on
PSCs, making it difficult to isolate the function of PSCs. neuromuscular transmission suggests that PSC ablation
Thus, the strength and the uniqueness of our approach did not affect the overall functioning of the NMJ. We
are that it can be applied specifically to ablate PSCs in did not see any significant change in the amplitude of
a restricted region of the body and at any stage during mepps, epps, or quantal content acutely after PSC abla-
the life of NMJs. Using our PSC ablation technique we tion, suggesting that PSCs do not acutely modulate syn-
have previously shown that PSCs express agrin and can aptic transmission. As previous studies have shown that
aggregate extrajunctional AChRs on muscle (Yang et PSCs can increase as well as decrease neurotransmitter
al., 2001). We have now shown, using PSC ablation, that release (Castonguay and Robitaille, 2001; Robitaille,
PSCs maintain adult and developing NMJs. Thus, the 1998), acute removal of PSCs may not result in any
technique of PSC ablation is proving to be a valuable net change in neurotransmitter release, as found in the
tool for revealing the roles of PSCs at the NMJ. present study. Although we cannot rule out the role of
PSCs in other forms of synaptic plasticity, our results
show that paired-pulse facilitation and synaptic depres-Absence of an Acute Role of PSCs in Maintenance
sion do not require PSCs. Additionally, we observed noof the Adult NMJ
change in the nerve-induced muscle contraction acutelyGlial cells have been classically viewed as “glue” for
after PSC ablation. Overall, the absence of any alterationstructural support of the nervous system. Although
of NMJ structure or function after acute PSC ablationPSCs are intimately associated with NMJs, we have
suggests that PSCs may not have a significant short-found that acute ablation of PSCs does not alter the
term role at the intact adult synapse.precise alignment between NTs and AChR aggregates
or AChE. In fact, direct muscle stimulation of PSC-
ablated muscles (at 1 Hz for up to 3 hr) causes no detach- PSCs Play an Essential Role in the Long-Term
Maintenance of Adult NMJsment of NTs or misalignment between NTs and AChRs.
Electron micrographs also show no acute changes in Although PSCs are not required for short-term mainte-
nance of synaptic transmission, our findings show thatthe ultrastructure of the NT or postjunctional specializa-
tions in the absence of PSCs. If PSCs played an acute they are vital for the long-term maintenance of the syn-
apse. The fact that there was no acute effect of removalrole, changes in NMJ structure and function, which have
been shown previously to occur in 5 hr, should have of PSCs suggests that the loss of NT function in the
absence of PSCs for a week was not due to injury tobeen detected in our study. For example, treatment of
NMJs with collagenase causes displacement of nerve the NTs. Although we cannot entirely rule out a delayed
effect of injury to NTs, the lack of any degeneration ofterminals within an hour (Betz and Sakmann, 1973).
Pharmacological manipulations of PSCs have also been NTs in electron micrographs of 1 week PSC-ablated
muscles suggests this to be unlikely. In addition, weshown to alter NMJ function also within an hour (Caston-
guay and Robitaille, 2001; Robitaille, 1998). Thus, the cannot rule out a delayed effect of inflammation due
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to PSC removal, although inflammatory cytokines like Thompson, 1999). Our findings support the view that
the absence of NT sprouting in these muscles is due tointerferon-, interferon-
, and tumor necrosis factor-
have been shown to enhance mepp frequency (Caratsch the absence of PSCs rather than an intrinsic deficiency
of NTs in sprouting.et al., 1994), whereas PSC ablation causes a reduction
in mepp frequency. Moreover, there does not seem to
be any difference in the number or morphology of cells PSCs Are Vital for the Growth and Maintenance
in the vicinity of PSC-ablated NMJs as compared to of Developing NMJs
controls, thus ruling out any effect due to infiltration by The dramatic decrease in NT growth and NMJ formation
inflammatory cells. Therefore, the retraction and de- after removal of PSCs indicates that PSCs are not merely
crease in neurotransmitter release seen a week after preferred substrates for NT extension but are indeed
PSC ablation appears to be a consequence of the ab- vital for the development of motor innervation of muscle.
sence of PSCs. (For a discussion on the role of muscle Thus, our findings suggest that PSCs enable NTs to
versus PSCs in the maintenance of NTs, please see extend and also dictate the local direction and pattern
the Supplemental Data at http://www.neuron.org/cgi/ of growth. It is unknown why a few (6.7%) NTs showed
content/full/40/3/563/DC1.) growth despite 100% ablation of overlying PSCs (Figure
It should be noted that 1 week after PSC removal, not 8a1). One possibility is that in those regions, PSC-
all NTs show retraction at adult NMJs. We believe that derived factors in the extracellular matrix were sufficient
the reason for the lack of retraction at most adult NMJs to sustain some NT growth despite the absence of PSCs.
was due to the short period of PSC absence (1 week) This could also explain the maintenance of some NTs
in our study. We did not see any correlation between amidst the retraction of others. Another possibility is
NT retraction and NMJ size. It would be interesting to that ablated PSCs were replaced at some NMJs, thereby
know the result of a longer absence of PSCs at adult enabling NT growth. However, this is unlikely based on
NMJs, a situation we are currently unable to observe due the clear absence of PSCs in our EM observations (see
to the replacement of PSCs. PSCs start being replaced Supplemental Figure S3e at http://www.neuron.org/cgi/
2 weeks after PSC ablation, and this replacement is content/full/40/3/563/DC1). It would be interesting to
complete 4 weeks after ablation, a stage at which retrac- allow PSC replacement at tadpole NMJs and examine
tion of NTs is no longer seen (data not shown), sug- whether NT retraction is reversed and growth restored.
gesting that NTs regrow to their original extent when Although this was not examined at identified NMJs, NT
PSCs are replaced. Repeated PSC ablations may thus morphology and length in PSC-ablated muscles were
be required to examine the effect of longer absence of similar to controls at 6 weeks after PSC ablation (data
PSCs. On the other hand, the quick replacement of PSCs not shown), when PSCs have been replaced, suggesting
may be an additional indication of the importance of that replacement of PSCs is sufficient to restore NMJ
PSCs at synapses. (For a discussion on other long-term growth and maintenance.
effects of PSC absence, see the Supplemental Data at In the present study, three effects on synapse devel-
http://www.neuron.org/cgi/content/full/40/3/563/DC1). opment were observed 1.5 weeks after PSCs were
ablated. First, formation of new NMJs was inhibited (Fig-
ure 8d). Second, NMJ growth was significantly reducedPSCs Guide NT Growth and New NMJ Formation
during Development (Figure 8a). Third, NMJs retracted partially or completely
(Figures 6, 7, and 8a–8c). These results could imply thatSeveral observations, taken together, supported the hy-
pothesis that PSC sprouts guide NT growth during de- PSCs play distinct roles in promoting synapse forma-
tion, facilitating NT growth, and maintaining developingvelopment. PSC sprouts were substantially longer than
corresponding NTs at the initial observation (for discus- NMJs. However, all three of these outcomes could also
be explained by a single requirement for PSCs in main-sion on technical concerns about the use of FM dyes
to label NTs, please see the Supplemental Data at http:// taining NMJs. The absence of new NMJs after PSC abla-
tion may represent not the failure of synapse formationwww.neuron.org/cgi/content/full/40/3/563/DC1). Although
NTs grew between observations, PSCs remained longer per se but rather the failure to maintain transiently
formed new NMJs. Similarly, the drastically reduced in-than NTs at the second observation. Most importantly,
NT branches grew in the direction and pattern of pre- cidence of NMJ growth may represent not the failure of
NTs to grow but rather the inability to maintain newlyexisting PSC sprouts (see Supplemental Data). PSC
sprouts at different NMJs extended in various directions added growth in the absence of PSCs. Finally, the wide-
spread retraction of existing NMJs after removal of PSCsand patterns; nevertheless, NT growth closely followed
the PSC processes, leading to elongation of existing indicates that PSCs play an essential role in the mainte-
nance of developing synapses. This view supports andNTs and formation of new NTs on adjacent fibers. The
growth of NTs in alignment with PSCs is consistent with extends the findings of previous studies showing that
NMJs form normally but subsequently retract in the ab-previous work in vitro showing that Schwann cells are
preferred substrates for axon growth (Fallon, 1985). The sence of Schwann cells (Grim et al., 1992; Lin et al., 2000;
Riethmacher et al., 1997). Therefore, synapse mainte-result is also consistent with observations that PSCs
guide NTs during synapse remodeling (Chen et al., 1991) nance may be a primary function of PSCs during NMJ
development. The fact that retraction of NTs after PSCand regeneration (Koirala et al., 2000; O’Malley et al.,
1999; Son and Thompson, 1995a, 1995b) at adult NMJs. ablation was more extensive at developing NMJs sug-
gests that developing NTs are more dependent on PSCsFinally, its been shown in partially denervated neonatal
muscles, in which PSCs die in the absence of nerve, for maintenance. In addition, postsynaptic AChRs were
rapidly lost from regions of NT retraction at tadpolethat the remaining NTs do not sprout (Lubischer and
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NMJs, in contrast to adult NMJs, where AChRs were demonstrates for the first time (to our knowledge) that
glial cells play an essential role in the maintenance ofunchanged (for a discussion on effect of PSC ablation
on developing versus adult NTs, see Supplement Data adult and developing synapses in vivo. It remains to be
seen whether glial cells at CNS synapses play similarat http://www.neuron.org/cgi/content/full/40/3/563/DC1).
This result is not surprising given the relative stability of maintenance roles in vivo, a question that may have
potential implications for neurodegenerative diseasesAChR clustering at adult NMJs compared to developing
NMJs (Slater, 1982). The loss of AChRs from developing that lead to loss of synapses. In conclusion, our in vivo
findings, combined with previous in vitro studies, ad-NMJs is reminiscent of AChR loss from uninnervated
regions of regenerating (Grinnell and Do, 1991) and re- vance the emerging concept that glial cells help make
bigger, stronger, and more stable synapses.modeling (Werle and Sojka, 1996) NMJs.
Experimental ProceduresMechanical versus Trophic Support
of NTs by PSCs PSC Ablation In Vivo
The retraction of NTs after PSC ablation may be either Adult frogs (Rana pipiens) were obtained from Charles D. Sullivan
Co. Inc. (Nashville, TN). Frogs were anesthetized for 20 min withattributed to mechanical causes or to the absence of
0.1% tricaine methanesulfonate (Sigma, St. Louis) diluted in water.PSC-derived factors that maintain NTs. If PSCs were
The skin over the chest in these frogs was opened ventrally, andresponsible for the physical adhesion between NTs and
the frogs were then injected, in the space between the cutaneousmuscles, the absence of PSCs would cause NT displace-
pectoris and the pectoralis muscles, with 150 l of normal frog
ment in all directions similar to that seen after collagen- Ringer’s solution (NFR; 111 mM NaCl, 2 mM KCl, 1 mM NaHCO3,
ase treatment of muscles (Betz and Sakmann, 1973). 1.8 mM CaCl2, and 5 mM HEPES [pH 7.2]) containing affinity-purified
mAb 2A12 (final concentration 50 g/ml) (Astrow et al., 1998). MAbHowever, 1 week after PSC ablation, the remaining NTs
2A12 was generated and purified from mouse ascites. Control frogsare precisely aligned with AChRs. Even direct stimula-
were injected instead with 150 l NFR containing mouse myelomation of these muscles (of 1 Hz up to 3 hr) does not cause
IgM (M-7394, Sigma, St. Louis, MO, 50 g/ml) or with NFR alone ina misalignment of the NTs from AChRs. Additionally,
some cases. Six hours later, these frogs were injected in vivo in a
1 week after PSC ablation, if NTs were mechanically similar manner with 250 l of warmed (32C) guinea pig complement
detached from muscle, then mepps would have shown serum (Harlan, Indianapolis, IN; or ICN, Costa Mesa, CA). Due to
considerable variability in the effectiveness of commercially avail-a reduction in size and a change in shape. We did not
able complement for our purpose, complement was prepared freshsee any change in size or shape of mepps, suggesting
in our laboratory for the majority of the experiments described here.that the synaptic cleft size was normal. Indeed, the syn-
Briefly, cardiac puncture was performed on anesthetized (200 mg/aptic cleft size did not appear different in electron micro-
kg sodium pentobarbital I.P.) guinea pigs (obtained from Charles
graphs of 1 week PSC-ablated or control muscles. Thus, River Laboratories, Wilmington, MA), and the blood was collected in
it seems unlikely that PSCs mechanically “glue” NTs to Vacutainer serum separator tubes (Becton Dickson, Franklin Lakes,
NJ). These tubes were first incubated at 37C for 15 min and thenthe muscle. It is more likely that NT function is main-
centrifuged at 2500  g for 15 min. The separated complementtained by PSC-derived factors. Whether these factors
serum was frozen immediately in liquid nitrogen and storedare secreted or membrane bound remains to be investi-
at 70C. Guinea pig complement prepared thus was consistentlygated.
more effective than complement obtained elsewhere. Guinea pig
Schwann cells synthesize various neurotrophic fac- complement (340 mOsm/L) used in our experiments was diluted
tors (Frostick et al., 1998), which have been shown to (48%) with distilled water to make it iso-osmotic to NFR (230
mOsm/L). Raising the temperature of the muscle locally to approxi-enhance synaptic transmission (Poo, 2001; Sendtner,
mately 32C for 30 min increased the effectiveness of the PSC abla-1998) and may be involved in synaptic maintenance.
tion (Mayer, 1961). This was achieved by placing the frogs proneSchwann cells also synthesize cell adhesion molecules
on floating glass plates in a water bath set at 35C. In some experi-like L1 and N-CAM as well as extracellular matrix pro-
ments, the muscles were dissected an hour after the complement
teins such as laminin (Fu and Gordon, 1997). The impor- injection and were labeled with fluorescent dyes (see Supplemental
tance of Schwann cell-ECM interactions in the mainte- Procedures at http://www.neuron.org/cgi/content/full/40/3/563/
DC1). In the long-term PSC ablation experiments, the frogs werenance of axons has been highlighted by a recent study
sutured and allowed to recover. A week later, these muscles were(Saito et al., 2003) showing that selective deletion of
dissected and then labeled with fluorescent dyes or recorded from.Schwann cell dystroglycan causes severe deficits in the
For the development experiments, Xenopus tadpoles were ob-organization of nodes of Ranvier. Another mechanism
tained from Nasco (Fort Atkinson, WI) and were anesthetized by
for glial stabilization of synapses, identified recently in immersion in 0.05%–0.1% tricaine in water. Stage 62–65 tadpoles
culture, is supply of cholesterol to neurons by glia were used for our experiments since this is the phase when PSC
sprouting is most extensive (Herrera et al., 2000). A slit was made(Mauch et al., 2001). Schwann cells are known to synthe-
in the skin, and a small sheet of gelfoam (Upjohn, Kalamazoo, MI)size cholesterol (Fu et al., 1998), and thus cholesterol
soaked in 0.1 mg/mL mAb 2A12 in NFR was placed on the ventralmay be one of the candidate molecules for the Schwann
surface of the pectoral (supracoracoideus) muscles. Controls re-cell effect on NT maintenance in vivo. Recently, we have
ceived gelfoam soaked in NFR alone. The skin was sutured, and
found that Schwann cell-conditioned medium promotes the tadpoles were allowed to recover. Two to five hours later, tad-
synapse formation in Xenopus nerve-muscle culture poles were reanesthetized, and a large flap of skin was opened to
expose the pectoral muscles. The flap of skin was kept open by(Peng et al., 2003). The identity of these Schwann cell-
suturing the free end of it to the skin underneath the jaw. Tadpolesderived factors is currently being investigated.
were placed ventral side down in a glass dish containing NFR, andTogether, the results of PSC ablation at developing
the dish was floated on water in a bath at 28C–30C. After 10–15and adult NMJs demonstrate that PSCs are vital to the
min, the NFR in the dish was replaced with guinea pig complement.
growth and long-term stability of the synapse. While it Tadpoles were left with their exposed muscles immersed in comple-
has been shown previously that factors from glial cells ment at 28C–30C for 30–45 min. They were then moved to room
temperature. The complement in the dish was replaced with NFR,maintain synapses in vitro (Ullian et al., 2001), our study
Neuron
578
and muscles were thoroughly rinsed with NFR. When necessary, at different external Ca2 concentrations (0–3.6 mM) to find the
external Ca2 concentration that caused half-maximal tension, andthe tadpoles were reanesthetized in 0.05% tricaine in NFR prior to
staining procedures. 0.6 mM external Ca2 was thus chosen for recording twitch tension
in all muscles. Maximal tension was defined as the maximal force
that the muscle could generate in response to nerve stimulation atElectrophysiological Recordings
an external Ca2 level of 1.8 mM or greater. Although Ca2 is requiredFor the acute PSC ablation experiments, cutaneous pectoris mus-
for excitation-coupling, it comes from internal Ca2 stores, and ex-cles previously injected with mAb 2A12 were dissected along with
ternal Ca2 is not required for skeletal muscle contraction by directa 1 cm segment of the nerve to the muscle. These muscles were
muscle stimulation (Randall et al., 2001). Thus, differences in twitchplaced in frog Ringer’s solution containing 5 mM Mg2/0.7 mM Ca2
tension in response to nerve stimulation at varied Ca2 levels reflectto avoid nerve-evoked muscle contraction, and the membrane po-
differences in neuromuscular transmission. Data were normalizedtential was recorded with a 20–30 M intracellular glass microelec-
and expressed as percentages of the maximal tension.trode. Data were acquired and analyzed using pClamp6 software
(Axon Instruments, Foster City, CA). Gap-free recordings were ana-
Other Procedureslyzed by Minianalysis software (Synaptosoft, Leonia, NJ). At each
For a detailed description of the methods for immunocytochemistry,NMJ, the resting potential with miniature endplate potentials
electron microscopy, and in vivo observations and measurements(mepps) was recorded for 5 min (gap-free), and 100 evoked endplate
please see the Supplemental Procedures at http://www.neuron.org/potentials (epps) were recorded at a stimulation rate of 0.5 Hz.
cgi/content/full/40/3/563/DC1.Paired-pulse facilitation (Zucker and Regehr, 2002) was elicited by
giving twin stimulation pulses separated by 10 ms at 0.2 Hz in 5
AcknowledgmentsmM Mg2/0.7 mM Ca2 frog Ringer’s solution. Responses from 50
paired stimuli were recorded, and paired-pulse facilitation was de-
We are grateful to Drs. L. Byerly and M. Quick and to members offined as the ratio of the average increase in amplitude of the second
our laboratory, G. Cao, J.F. Yang, and Z. Feng, for their criticalresponse to that of the first response. Synaptic depression (Zucker
comments. We also thank Z. Feng for providing Schwann cell cul-and Regehr, 2002) was elicited by a repetitive stimulation of the
tures; J.F. Yang for help with figures and for creating the schematicnerve at 10 Hz for 80 s in frog Ringer’s solution containing 5 M
diagram; A. Thompson for assistance with electron microscopy; andd-tubocurare/3.6-7.2 mM Ca2. The nerve was stimulated at 0.2 Hz
C. Koirala for technical support. This work was supported by NIHbefore and after this train of stimulation. Depression was measured
grant NS017954 and a Muscular Dystrophy Association researchas the decrease in amplitude of the last 50 responses of the train
grant to C.-P.K.compared to the amplitude of 50 responses just preceding the train.
After in vitro complement treatment, these muscles were washed
Received: June 19, 2003vigorously with NFR for an hour and again studied electrophysiologi-
Revised: October 3, 2003cally. PSC ablation was confirmed at the end of the experiments
Accepted: October 14, 2003with FITC-PNA and EthD-1 staining (see Supplemental Procedures
Published: October 29, 2003at http://www.neuron.org/cgi/content/full/40/3/563/DC1). In experi-
ments where identified NMJs were recorded from before and after
ReferencesPSC ablation, a picture was first taken of the muscle with a low
magnification (2.5) objective. During the first recording, the loca-
Araque, A., Parpura, V., Sanzgiri, R.P., and Haydon, P.G. (1999).tion of NMJs was noted on the picture, and these NMJs were later
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corded NMJs. naling between astrocytes and neurons. Annu. Rev. Physiol. 63,
For the long-term PSC ablation experiments, cutaneous pectoris 795–813.
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corded as for acute experiments. The control muscles were treated cells at neuromuscular junctions revealed by a novel monoclonal
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NMJs was confirmed at the end of the experiments with FITC-PNA
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